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An essential node in the gene regulatory network (GRN) for endomesoderm specification in the sea urchin embryo lies within the
regulatory system of the otx gene. According to the predictions of the GRN, based on perturbation analysis and expression data, the h1/2
transcription unit of this gene is engaged during specification in interactions with two other regulatory genes, krox and gatae. It is predicted to
be driven into activity by the krox gene, to form a positively reinforcing functional loop with the gatae gene, and to respond to its own output
as well. Here we isolate the relevant otx cis-regulatory element, and examine the specific input predictions of the GRN at the level of its
genomic DNA sequence. This b1/2-otx regulatory module performs the necessary functions, as shown by use of expression constructs. It
requires gatae, otx, and krox inputs, as predicted, and it operates as an ‘‘AND’’ logic processor in that removal of any one of these inputs
essentially destroys activity. The necessary target sites were identified in the module sequence, and mutation of these sites was demonstrated
to produce the same respective effects on construct expression as does blocking its regulatory inputs by treatment with morpholino antisense
oligonucleotides. For spatial expression in the endoderm, one particular pair of Gata sites is essential and these function synergistically with
an adjacent Otx site. We thus demonstrate directly the structure/function relationships of the genomic regulatory code, at this key node of the
endomesoderm GRN.
D 2004 Elsevier Inc. All rights reserved.Keywords: Gene regulatory network; otx; krox; gatae; Endomesoderm specification; Sea urchin embryo
Introduction analysis; that is, by direct test of the existence, and theThe gene regulatory network (GRN) for endomesoderm
specification in the sea urchin embryo (EM-GRN) consists
of a map of input/output relationships among almost 50
genes, most of which encode DNA binding regulatory
proteins (Davidson et al., 2002a,b, 2003; for current ver-
sions, see http://www.its.caltech.edu/~mirsky; click on
‘‘network’’). The network has been constructed on the basis
of knowledge from experimental embryology, detailed
temporal and spatial gene expression data, and most impor-
tantly, a massive experimental perturbation analysis. For
this purpose, the activity of each regulatory gene in the
GRN was altered, and the consequences on all other
relevant genes determined quantitatively. The EM-GRN is
experimentally verifiable at the DNA level by cis-regulatory0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: davidson@caltech.edu (E.H. Davidson).requirement for function, of the predicted inputs at its key
cis-regulatory nodes. Such tests not only provide the
opportunity of confirming and correcting the predictions
of the GRN, but if successful, they also produce a direct
structure/function explanation for the relevant events of
development in terms of the sequence of the DNA regula-
tory code. Here we describe an initial work of this kind. We
have tested for and demonstrated the genomically encoded
inputs at a particularly important node of the EM-GRN, viz.
one of the cis-regulatory elements of the otx gene.
The otx gene of Strongylocentrotus purpuratus is ex-
pressed maternally, and its transcripts are initially present
ubiquitously. In early development, Otx factors play many
different roles, in the ectoderm (Angerer et al., 2001; Mao
et al., 1994; Yuh et al., 2001), in the micromeres (Chuang
et al., 1996; Oliveri et al., 2002), and in the remaining
endomesoderm (Davidson et al., 2002a,b). The earliest
zygotic transcription unit of the otx gene, a-otx, is active
vegetally from 12 h onward and very possibly before (Li et
al., 1997; Yuh et al., 2002; unpublished data). Its initial
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concerned is to provide an input into the krox gene, also an
early target of the Tcf/h-catenin input in the endomeso-
derm (Wikramanayake et al., 1998). krox gene expression
is exclusively endomesodermal from its inception at or
before 9 h, or about seventh to eighth cleavage (C.B. Livi
and E.H. Davidson, unpublished data). The krox gene
serves as an activator of several other genes in the EM-
GRN (Davidson et al., 2002a). By 15 h, the otx gene has
also begun to provide a positive input into the gatae gene,
an extremely important regulator that also has multiple
targets in the EM-GRN. By 18 h, the b1/2 transcription
unit of the otx gene is activated in the endomesoderm (Yuh
et al., 2002). It is particularly interesting that having been a
target of the early a-otx gene product, the krox gene now in
turn provides an input into the b1/2-otx cis-regulatory
element that is necessary to accomplish its activation.
From this time on, the expression of the b1/2-otx cis-
regulatory element is also locked on by autoactivation, and
its gene product continues to stimulate gatae expression.
The final piece of these feedback relations to emerge is in
place by 21 h: the b1/2-otx regulatory system thereafter
relies on an input from the gatae gene, thus generating a
return positive feedback loop. Once this has been set in
place, the b1/2-otx regulatory system is stably governed,
under the control of its own gene product and that of the
gatae gene. Thus, by 24 h, the krox input, which had been
needed initially to get this cis-regulatory element going, is
no longer detectable. The temporal sequence of regulatoryFig. 1. Successive stages of linkage between the krox, otx, and gatae genes in the
regulatory element indicated is at that time inactive, or for lines ending in arrowh
shown; color indicates that the genes and inputs or outputs are active. M, mater
sugp.caltech.edu/endomes/interactive network viewer. (A) 12 h; (B) 15 h; (C) 18 h
is, the ‘‘view from the genome’’ (Bolouri and Davidson, 2002).interrelationships that though these crucial stages of endo-
mesoderm specification link the b1/2-otx, the krox and the
gatae gene control systems are summarized in the dia-
grams of Fig. 1. The functional importance of these
relationships is evident most clearly in a recent comparison
with the EM-GRN of the starfish Asterina mineata, which
last shared a common ancestor with sea urchins at the end
of the Cambrian about 500 million years ago. The exact
same relationships describing the same interactions among
the krox, otx, and gatae genes were found to obtain in A.
mineata as in S. purpuratus (Hinman et al., 2003),
although many other aspects of their EM-GRNs differ.
Summing the predicted inputs together (Fig. 1F), the
prediction is that the relevant b1/2-otx cis-regulatory ele-
ment should have obligatory inputs conveyed by Krox,
Otx, and Gatae factors.
The initial challenge was to identify the appropriate
b1/2-otx cis-regulatory element. The organization of the
otx gene was initially defined by Li et al. (1997). By use
of an interspecific genomic sequence comparison algo-
rithm (Brown et al., 2002), we recently identified 11
conserved regions within the upstream and intronic
domains of this gene that proved to display cis-regulatory
activity on in vivo test, most a few hundred base pairs
long (Yuh et al., 2002). These were amplified from an S.
purpuratus BAC DNA by PCR, inserted in an expression
vector driving a chloramphenicol acetyl transferase (CAT)
reporter, and tested by injection into fertilized eggs. Their
regulatory activity was assessed by whole mount in situS. purpuratus EM-GRN. Gray horizontal lines indicate that the gene or cis-
eads that represent inputs or outputs, that these are not present at the stage
nal input; Z, zygotic input. For the whole GRN at these stages, see http://
; (D) 21 h; (E) from 24 h on; (F) summary of all predicted interactions, that
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mRNA. Four separate cis-regulatory elements that specif-
ically produce endomesodermal expression were identified
by Yuh et al. (2002), as well as ubiquitously active
elements and ectoderm-specific elements. We began by
examining the four endomesoderm elements for their
sequence content, and for response to the specific per-
turbations of gene expression that led to the GRN
relationships indicated in Fig. 1 for the endogenous otx
gene.Materials and methods
Animals and embryos
Adult S. purpuratus collected along the Southern
California coast were maintained in 12jC seawater at
Caltech’s Kerckhoff Marine Laboratory (Leahy, 1986).
Preparation of gametes, fertilization, and embryo culture
were carried out according to standard methods. The
embryos were microinjected as described (McMahon et
al., 1985), using plasmid DNA linearized with KpnI,
purified with DNA Clean and Concentrator from Zymo
Research. Approximately 1500 molecules of the desired
plasmid DNA were injected together with 4-fold molar
excess of KpnI-digested carrier sea urchin DNA per egg,
in a 2 pl volume of 30% glycerol and 0.12 M KCl
(Franks et al., 1988). The DNA was injected into fertil-
ized eggs using a continuous flow injector. Embryos were
collected at different stages for CAT assay, or were fixed
for WMISH.
Perturbation strategy
An engrailed-Otx construct was used at the beginning of
this study to disrupt otx gene function. For this approach,
mRNA encoding a fusion of the Drosophila engrailed re-
pressor domain with the DNA binding domain of SpOtx (i.e.,
Eng-SpOtx (K); Li et al., 1999) was injected into the egg.
Subsequently, morpholino substituted antisense oligonucleo-
tides (MASO) against aOtx and hOtx were used (made by
GeneTools, LLC). The MASO sequence for a-Otx was 5V-
CATGTACCACTGCTTGACCGGTGCT-3V, complementa-
ry to the mRNA sequence at 162 to 137 upstream of the
ATG. The sequence for the h-Otx MASO was 5V-
AATGGTGTAAGCCATGCTCGCTACC-3V, complemen-
tary to the mRNA sequence at 10 to +12 around the ATG
(the sequence complementary to the ATG is underlined). The
functions of the gatae and krox genes were interrupted by
injection of MASO against those genes. The sequence for
K r o x 1 B M A S O i s 5 V- C T C C C T T T C G C -
TTGAAAAACACCGC-3V, complementary to the mRNA
sequence at 27 to 2 upstream from the ATG. The se-
quence for the Krox1A M2 MASO is 5V-CGGCGTTGT-
CGTTGCACCCCATCGC-3V, complementary to the mRNAsequence at3 to +19 around the ATG. The function of theh-
catenin/Tcf signal transduction system was interrupted by
overexpression of mRNA encoding an intracellular domain
of Cadherin (Logan et al., 1999).
We used the following amounts of perturbation reagents
for the injection solutions: The Gatae MASO stock solution
was 500 AM, and 4 Al were used in 20 Al of injection
solution. The Krox1A and Krox1B MASOs were at 1 mM,
and were used at 2 Al each in 20 Al injection solution. The
aOtx and hOtx MASO solutions were 1 mM, and were used
at 4 Al each in 20 Al of injection solution. Its concentration
was 1.54 Ag Al1, and we used 1 Al in 4 Al injection
solution. Engrailed-Otx mRNAwas used at 0.2 Ag Al1, and
we used 1 Al for 4 Al injection solution.
DNA constructs and site-directed mutagenesis
The genomic DNA for Otx15-CAT was obtained as
described (Yuh et al., 2002) from the SpOtx BAC clone
(for the BAC sequence, see: http://sugp.caltech.edu/
resources/annot-seq.psp?seq=006F13). To obtain Otx15-
3V, the BAC was amplified with two primers, Otx9
and Otx15-3V_rev. The DNA for 5V-Otx15-3V-CAT was
obtained from the same BAC clone amplified with the
primers 5V-Otx15 and Otx10 (Yuh et al., 2002). The
primer sequences are:
Otx9: 5V-GATCGGTACCGTCAAGAGAGTTCTGGT-
CTG-3V,
Otx15-3V_rev: 5V-GCTAGTCGACGCAGAAATGTTC-
CAGCG-3V,
5V-Otx15: 5V-GATCGGTACCGACATATAGTTAGG-
CACATGTATATAGGT-3V,
Otx10: 5V-AGATCCCGGGCCCAGAAGGAACAAAT-
TAAG-3V.
The underlined sequences are the restriction enzyme
sites created for ligation into the CAT vector. The
genomic DNA insert was gel purified using a Zymoclean
Gel DNA Recovery Kit from Zymo Research, and cloned
into the CE-CAT vector (Yuh et al., 2002). The PCR
fragment amplified from Otx9 and Otx15-3V_rev was
digested with KpnI and SalI, inserted into the CE-CAT
vector, which had been cut with KpnI and SalI. The PCR
fragment amplified from 5V-Otx and Otx10 was digested
with KpnI and SmaI, inserted into the CE-CAT vector,
which had been cut with SalI, end-filled with Klenow
polymerase, and cut with KpnI. All clones were con-
firmed by DNA sequencing.
Site-directed mutagenesis was performed using the
‘‘QuikChange Site-Directed Mutagenesis Kit’’ from Strata-
gene. The method utilizes PfuTurboDNA polymerase, which
replicates both plasmid strands with high fidelity and without
displacing the mutant oligonucleotide primers. Fifty nano-
grams of double-strand template were used per reaction.
Following temperature cycling (95jC 30 s, then 18 cycles
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was treated with DpnI. The nicked vector DNA containing
the desired mutations was then transformed into XL2-Blue
ultracompetent cells. The oligonucleotides used to generate
the mutations were as follows:
GATA1 deletion:
Otx_003: 5V-TCCAACGCCATTAGGCGCTGA-
GAAGGGAAAAAACC-3V;
Otx_004: 5V-GGTTTTTTCCCTTCTCAGCGCC-
TAATGGCGTTGGA-3V.
GATA23 deletion:
otx15-GATA23-del-f: 5V-CGTCGTCATATTCAC-
TAAACCTCTCTCTCTCTCCTCTGTTC-3V;
otx15-GATA23-del-r: 5V-GAACAGAGGAGAGA-
GAGAGAGGTTTAGTGAATATGACGACG-3V.
GATA45 deletion:
otx15-GATA45-del-f: 5V-GTCTATTGAACATCGCT-
TAAATACTTGCCGTTCATTGGC-3V;
otx15-GATA45-del-r: 5V-GCCAATGAACGG-
CAAGTATTTAAGCGATGTTCAATAGAC-3V.
Otx1 mutation:
15-Otx1mut-f: 5V-GCTAATATTAATACCTGACT-
GCCGAAGAATATGTGCGCTTAACGAG-3V;
15-Otx1mut-r: 5V-CTCGTTAAGCGCACATATT-
CTTCGGCAGTCAGGTATTAATATTAGC-3V.
Otx2 mutation:
15-Otx2-mut-f: 5V-GAATATGTGCGCTTAAC-
GAGGCCGAGCATAACGTCTATTGAACATC-3V;
15-Otx2-mut-r: 5V-GATGTTCAATAGACGT-
TATGCTCGGCCTCGTTAAGCGCACATATTC-3V.
Otx3 mutation:
15-Otx3mut-f : 5V-GAACATCGCTTAATTA-
TCGTCCTCGGCTCCTATCATACTTGCCGTTC- 3V;
15-Otx3mut-r: 5V-GAACGGCAAGTATGATAG-
GAGCCGAGGACGATAATTAAGCGATGTTC-3V.
Krox1 mutation:
15-Blimp1mut-f: 5V-TCACGGAATCTTATCC-
TATCTTGAAGGGCGTGAGGCGGTTCGACCC-
TACC-3V;
15-Blimp1mut-r: 5V-GGTAGGGTCGAACCGCCT-
C A C G C C C T T C A A G AT A G G A T A A -
GATTCCGTGA-3V.
Krox2 deletion:
up-Blimp1-mut-F: 5V-CCATTAGGCCGATA-
GAGCTCGCTGCTACTTTCACAAACCATG-
CACCGCACAAAACAC-3V;
up-Blimp1-mut-R: 5V-GTGTTTTGTGCGGTGCAT-
GGTTTGTGAAAGTAGCAGCGAGCTCTATCG-
GCCTAATGG-3V.
5V-Otx15, deletion of the sequence between the two
ATGs:
DEL_ATG_L: 5V-GGACCTTCCCGGTAGC-
GAGCCTCTTAATTTGTTCCTTCTGG-3V;
DEL_ATG_R: 5V-CCAGAAGGAACAAATTAA-
GAGGCTCGCTACCGGGAAGGTCC-3V.CAT enzyme measurement
The CAT assays were performed as described earlier
(Yuh and Davidson, 1996) with a few changes. We
purchased the CAT standard from Sigma. We diluted 1
Al of CAT enzyme into 763 Al of 0.25 M Tris, and then
diluted another 10-fold to make 0.001 units Al1 solu-
tion, and performed standard assays with 0.002, 0.004,
0.008, 0.016, and 0.032 units of CAT standard in 100
Al of 0.25 M Tris buffer. A phosphorimager was used to
obtain quantitative counts of acetylated and nonacetylated
forms. To convert units of CAT enzyme activity to CAT
molecules per embryo, we utilized as a conversion
factor, 2.6  107 molecules of CAT enzyme = 104
units of activity (McMahon et al., 1984).
Whole mount in situ hybridization
The WMISH protocol used here is based on the
method described by Ransick et al. (1993), modified
slightly by incubating the embryos with antibody over-
night at 4jC. The embryos were transferred from 15%
glycerol, then to 30% glycerol, finally to 50% glycerol,
and mounted on slides.
Gel shift assay
Radioactively labeled DNA probes were designed
based on the putative binding sites. The oligonucleotides
used for gel shift in this study are as follows:Otx1_A: 5V-ATTAATACCTGACTTAATCCGAA-
TATGTGC-3V
Otx1_B: 5V-AGCGCACATATTCGGATTAAGTCAGG-
TATT-3V
Otx2_A: 5V-GCGCTTAACGAGTAATCTCA-
TAACGTCTAT-3V
Otx2_B: 5V-TTCAATAGACGTTATGAGATTACTCGT-
TAAG-3V
Otx3 (and GATA45)_A: 5V-CTTAATTATCGTCAGAT-
TATCCTATCATACTT-3V
Otx3 (and GATA45)_B: 5V-GGCAAGTATGATAGGA-
TAATCTGACGATAATT-3V
GATA23_A: 5V-TTCACTAAACTTATCTCTATCTC-
TCTCTCTCTC-3V
GATA23_B: 5V-GGAGAGAGAGAGAGAGATAGA-
GATAAGTTTAGT-3V
Krox2_A: 5V-CATTAGGCCGATAGAGCTCGCTGA-
GAAGGGAAAAAAC-3V
Krox2_B: 5V-ATGGTTTTTTCCCTTCTCAGCGAGC-
TCTATCGGCCTA-3V
Krox1_A: 5V-TCTTATCCTATCTTTCAGTTCGT-
GAGGCGG-3V
Krox1_B: 5V-GAACCGCCTCACGAACTGAAAGA-
TAGGATA-3V.
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NaCl buffer with 10 mM Tris buffer (pH 8.0) at 100
AM final concentration . The double-stranded DNA was
labeled with Klenow polymerase, and the free un-incor-
porated nucleotides removed with a G-50 Sephadex spin
column. Reactions were prepared per tube as follows: to
2 Al of nuclear extract or buffer C (Calzone et al.,
1988), 1 Al of specific competitor (100 ng/Al) or H2O
were added, plus 1 Al labeled probe (1  105cpm/Al), 16
Al of pre-mix binding buffer containing nonspecific
competitors [polyd(I)–d(C)/polyd(I)/d(C), 10 Ag], and
1 binding buffer [20 mM HEPES–KOH (pH 7.9), 75
mM KCl, 0.5 mM DTT]. The tubes were incubated on
ice for 15 min before loading on a 6% native poly-
acrylamide/TBE gel. The gel was run at 200 V for 2.5
h, placed on 3 MM paper, wrapped with saran wrap,
dried for 30 min at 80jC in a vacuum gel dryer, and
loaded into a phosphorimager cassette which was ex-
posed overnight.
Cloning, expression, and purification of recombinant Gatae
and Otx proteins
The coding region of otx mRNA was amplified from
the cDNA clone (SpOtx cDNA in EcoRI site of pBlue-
script SK(+), a kind gift from Dr. Wm. Klein; Genbank
Accession No. AC131452), using the primer pairs otx-
for1 (5V-CACCGAAGCACTTTCTGATCTTGC-3V) and
otx-rev1 (5V-GAACTTCC-ATTGCGGCTGTT-3V). The
last thee amino acids of the Otx sequence were omitted
for convenient primer design. The initial 5V-CACC-3V of
otx-for1 was included as part of the cloning strategy. The
coding region of the gatae mRNA was likewise amplified
from a cDNA clone (Genbank Accession No. AF077675)
using the primers gataE-for1 (5V-CACCCCACAT-
CAGGTCGGTGTA-3V) and gataE-rev1 (5V-GCCTTCA-
GAATCTACTTTGGAAAC-3V). As before, the initial 5V-
CACC-3V of gataE-for1 was included as part of the
cloning strategy; the initial 5V-GCC-3V of gataE-rev1,
which codes for glycine, was added for convenient
primer design. In both cases, the cDNA insert was gel
purified using a Zymoclean Gel DNA Recovery Kit from
Zymo Research and cloned into pET102/D-TOPO from
Invitrogen, following the manufacturer’s protocol. This
vector includes a HIS-tag for purification. The insert was
sequenced using sequencing primers TrxFus and T7 Rev,
included in the cloning kit, and also gataE-for2 (5V-
GGTAGTGGTGGTGGTGGAGT-3V) and gataE-rev2
(5V-TGAGATGGGTACACTGTGGTG-3V). The clones
Otx1 and Gatae1 were found to have the correct sequen-
ces. The clone was transformed in Escherichia coli BL-
21 cells, induced with IPTG, the cells lysed, and the
supernatant containing soluble protein was purified with
MagneHis Ni-Particles from Promega, following the
manufacturer’s protocol.Results
The otx15 cis-regulatory element
Amap of the otx locus from earlier work (Yuh et al., 2002)
is shown in Fig. 2A. Of the four candidate cis-regulatory
elements that in this work displayed endomesodermal activ-
ity, otx11, otx14, and otx15 lie in the first large intron of the
gene, that is, upstream of the relevant b1/2-otx start site,
while the fourth, otx17, is positioned in the second intron,
just before the a-otx start site. These elements were searched
for putative Krox, Gata, and Otx sites. The target sites for
Gata 4,5,6 factors (Lowry and Atchley, 2000), of which the S.
purpuratus Gatae is an orthologue, and for Otx class homeo-
domain factors (Driever and Nu¨sslein-Volhard, 1989; Li et
al., 1997), are both well known, viz. for Gata binding sites,
5V-(C/T)GATA(A/G); and for Otx binding sites, 5V-
TAATC(C/T). The factor encoded by the Spkrox gene (Wang
et al., 1996) is a four-Zn finger protein that also includes a
leucine zipper, and it is most closely related in sequence to
the vertebrate Blimp1 transcription factors (Tunyaplin et al.,
2000). The known DNA target sites for the murine and
human homologues of Blimp1 are similar, containing the
core sequence 5V-G(A/G)AA(C/G)(G/T)GAAA or 5V-G(A/
G)AA(C/G)(G/T)AAA (Marecki and Fenton, 2002; Gupta et
al., 2001). The occurrences of these three classes of target
sites within the four endomesodermal response elements, that
is, elements 11, 14, 15, and 17, and in element 6, which
functions only in ectoderm, are listed in Fig. 2B.
While as expected, and usually observed, Gata sites
occur everywhere, element 6 altogether lacks both Otx
and Krox sites, while elements 14, 15, and 17 contain both.
However, element 11, which is expressed very accurately
and exclusively in vegetal plate endoderm and mesoderm at
24 and 48 h (Yuh et al., 2002), also lacks Otx and Krox
sites. Therefore, while this element may function down-
stream of the specification functions mediated by the
interactions in the EM-GRN, it cannot be the cis-regulatory
element that controls the expression of the b1/2-otx tran-
scription unit in the specification process per se, in the early
phases of endomesoderm specification.
Our specific object here was to determine whether there is
a cis-regulatory DNA sequence that could be shown to
mediate exactly the specific functions predicted for the b1/
2-otx transcription unit in the EM-GRN. The position of
element 17 indicates that it most likely controls the a-otx
transcription unit (see Fig. 2A); but, on the other hand, our
perturbation data (Davidson et al., 2002a; see Web site, op.
cit.) show that a-otx is not affected by either Otx or Krox
inputs. Thus, either the observed Otx and Krox sites of
element 17 are not functional, or despite its position far
downstream of the b1/2-otx start, element 17 is actually a b1/
2-otx regulator as well. For our purposes, neither alternative
was particularly inviting. Element 14 expression constructs
function relatively weakly relative to element 15 (Yuh et al.,
2002; data not shown), and so we focused on element 15.
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performs the necessary function of activating the b1/2-otx
transcription unit in the endomesoderm, in response to the
inputs predicted in the GRN, as we show below. But this is
not to say that there are no additional elements that contrib-
ute to this function, and indeed as noted below, it is likely
that element 14 performs such a role.
The distribution of putative target sites within element 15
is summarized in Fig. 2C, and in Fig. 2D they are shown
explicitly. Here, in addition, the level of sequence conser-
vation with respect to the orthologous region of the genome
of Lytechinus variegatus is indicated by dark shading. Only
the Gata 1 site and the Krox 2 site lie outside highlyFig. 2. Selected cis-regulatory elements of the otx gene. (A) Map of the otx locus a
indicate the positions of exons. Seventeen DNA sequence regions conserved betwe
required; Yuh et al., 2002) are indicated as numbered green boxes; arrows show
produced four different mRNAs, as diagrammed below the map (Li et al., 1997).
sequences used in search) in the Otx 11, 14, 15, and 17 elements, all of which dis
ectoderm only, according to direct tests carried out by Yuh et al. (2002). (C) Map o
target sites listed in (B) indicated. (D) Sequence of 2.5 kb region surrounding th
factor binding sites shown in (C) are boxed, Otx, red; Gatae, green; Krox, magen
constructs figured in (C) are indicated as bent arrows. Nucleotides shown on black
variegatus, and those on white background were not determined in L. variegatus.
than five nucleotides exist in the first 900 bp shown, while longer blocks of perfconserved blocks of sequence, but nucleotides within the
Gata 2 and 3 sites are not conserved. Thus, a priori, while
these Gata sites could be functional in the S. purpuratus
element 15, they do not exist in the L. variegatus element
15. On the other hand, the Gata 4 and 5 sites, and the Otx 3
site they flank, plus the Krox 1 and Otx 1 and 2 sites, are all
present in both species.
Response of element 15 to input perturbations
Were element 15 a genomic locus that controls those
functions of the b1/2-otx transcription unit indicated in the
EM-GRN, then expression constructs that include thisnd its three transcription units, modified from Yuh et al. (2002). Red blocks
en S. purpuratus and L. variegatus (50 bp window, 85% identical sequence
the positions of the Otxh3, Otxh1/2, and Otxa start sites, from which are
(B) Target sites for Krox, Otx, and Gatae transcription factors (see text for
play activity in the endomesoderm, and in element 6, which is active in the
f the Otx15 element and two derivatives used in this work, with locations of
e Otxh1/2 transcription start site, including Otx15. Individual transcription
ta. The transcription start and the termini of the fragments used in the thee
background are identical in L. variegatus, those on gray are different in L.
No blocks of identical sequence conserved between the two species longer
ectly conserved sequence are common within the Otx15 region.
Fig. 2 (continued).
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three positive regulatory inputs identified for the endoge-
nous transcription unit. As indicated in Fig. 1, these are the
Gatae, the Krox, and the Otx inputs. The level of expression
of the Otx15 construct was measured quantitatively in
embryos in which various inputs had been blocked, by
assessment measurement of CAT reporter activity. In Fig.
3A, the element 15 construct can be seen to behave in
exactly the predicted way. Beginning at 20 h, that is, only a
couple of h after the b1/2-otx transcription unit is activated
in the late blastula stage, and all the way though late
gastrulation, treatment with Gatae morpholino substituted
oligonucleotide (MASO) severely decreases expression ofelement 15; the same is seen at 24–30 h for Krox MASO
(other times were not investigated); and the construct is also
shut down by an Otx-Engrailed fusion, indicating that its
Otx target site(s) are indeed functional in vivo. Furthermore,
almost identical results were obtained in 30 h embryos with
Otx MASO (red hatched bar). Very similar responses were
seen to all three perturbations with element 14 constructs,
strengthening the argument that this element acts like a
weaker version of element 15 (data not shown). Serving as a
kind of internal control, Fig. 3A also demonstrates that the
expression of the Otx15 element is impervious to cadherin
overexpression. This treatment suffices to eradicate almost
totally the expression of many other genes active early in the
Fig. 3. Response of Otx15-CAT, coinjected with the perturbation regents indicated, measured at thee different stages of development. Construct activity was
determined by CAT assay, as described in Materials and methods. Three independent experiments were done; bars indicate SDs.
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quired by these genes; Davidson et al., 2002a,b; Logan et
al., 1999; Ransick et al., 2002), but it does not affect the
expression of the endogenous b1/2-otx transcription unit. In
summary, in all these respects, the element 15 expression
constructs perform indistinguishably from the natural b1/2-
otx regulatory system.
In contrast, element 6, which functions in the ectoderm,
and which lacks Otx and Krox target sites (Fig. 2B),
responds to none of these perturbations including Gatae
MASO, even though it contains putative Gata sites. This
result is shown in Fig. 3B. Nor does element 17 respond to
any of these inputs (data not shown), thus behaving just as
does the endogenous a-otx transcription unit. Element 17 is
therefore indeed probably an a-otx regulatory element, as
suggested by its position in the gene (Fig. 2A). But this
result again reminds us, if that be necessary, that the mere
presence of putative target sites, here the single Krox and
Otx sites of element 17, is an unreliable index of function.
Mutational analysis of element 15
Quantitative outputs of element 15 constructs were next
measured using variants of element 15 in which the Gata,
Otx, and Krox sites had been mutated or deleted. Many of
these experiments were done with an extended construct,
5V-Otx15-CAT, which includes additional 5V sequence,
which however, as shown in Fig. 2D is not at all conserved
to L. variegatus, and contains no target sites for any of these
regulators. So far as our observations indicate, 5V-Otx15 is
expressed the same as is Otx15. Other measurements weredone on a second variant of Otx15, viz. Otx15-3V-CAT,
which includes an additional nearby downstream conserved
sequence block within which is located one of the Krox
sites, as shown in Fig. 2D; or on the combined form, 5V-
Otx15-3V-CAT. Note in the map of Fig. 2C that except for
Gata sites 1, 2, and 3, and Krox site 2, all relevant sites in
these Otx15 constructs lie downstream of the transcription
start site.
We first consider the roles of the Krox sites. Mutation of
the two putative Krox binding sites in the 5V-Otx15-3V
construct results in a severe decrease of reporter CAT activity,
but the decrease was just as great when only the conserved
Krox 1 site was mutated (Fig. 4A). However, an experiment
on the Otx15minimal element showed that its only remaining
Krox site, that is, the Krox 2 site, can stand in for the Krox 1
site in the absence of the latter. If the Otx15 Krox 2 site is
deleted, the effect is the same as deletion of the Krox 1 site in
5V-Otx15-3V [Fig. 4A, Otx15(Kr2)d]. This example of site
context dependency aside, the main import of Fig. 4A is to
demonstrate that the Otx15 element indeed requires Krox
factor binding for function. That would not be the case if the
effect of the Krox MASO treatment shown in Fig. 3 were
indirect.
All three of the Otx sites recognized at the sequence level
(Fig. 2D) bind the Otx factor present in 22 h nuclear extract,
according to gel shift experiments (data not shown). But
these sites have diverse functions. Only Otx site 3 provides
the positive Otx autoregulatory input demonstrated in Fig. 3
on the Otx15-CAT construct. Thus, most of the activity of
5V-Otx15-3V is destroyed when this site alone is mutated
(Fig. 4B), showing again a direct input into this regulatory
C.-H. Yuh et al. / Developmental Biology 269 (2004) 536–551544
Fig. 5. Spatial expression of 5V-Otx15-3V mutations. Four different embryos are shown for each construct, all in lateral view. Embryos were fixed at 30 h. Red
brackets indicate the endomesodermal area; the skeletogenic mesenchyme has ingressed earlier. (A) Control construct, producing copious endodermal
expression (there is very little mesodermal expression; see Table 1). (B) Deletion of whole Gata4,5–Otx3 site complex: all endodermal expression is lost
although ectodermal expression continues. (C) Mutation of Otx3 site: endodermal expression persists. (D) Mutation of Krox1 site: endodermal expression
persists. Expression in B–D is weaker in quantitative terms (see Fig. 4).
C.-H. Yuh et al. / Developmental Biology 269 (2004) 536–551 545element. On the other hand, mutation of all thee Otx sites
together results in an actual increase in CAT reporter
expression (Fig. 4B); WMISH data indicate that this resultFig. 4. Expression of mutated Otx15 constructs. Control activity, that is, of the norm
the control construct and its mutated variants is given below; m, mutation of site;
constructs are provided at the top of each panel (see right panel of C for key). (A
construct right. (B) Gata site alterations, carried out on 5V-Otx15-3V left; on Otxis due to ectopic expression. Thus, Otx sites 1 and/or 2
participate in repressive control of ectopic expression, while
Otx site 3 is required as an activator necessary for normalal sequence, is shown in black on the left on each panel, and the identity of
d, deletion of site (see Materials and methods). Diagrams of the respective
) Krox site alterations, carried out on 5V-Otx15-3V construct left; on Otx15
15 right. (C) Otx site mutations.
C.-H. Yuh et al. / Developmental Biology 269 (2004) 536–551546expression. The identity of the repressor(s) that co-function
with Otx factors at sites 1 and/or 2 remains unknown, but
that of the activator that synergizes with Otx at site 3 is clear
from the experiments in Fig. 4C.
The key results are shown in Fig. 4, and the spatial
consequences of selected mutations are illustrated in Fig. 5,
and summarized in Table 1. Here we see that in either Otx15
or 5V-Otx15-3V, mutation of the two GATA sites in imme-
diate proximity to Otx site 3, that is, Gata sites 4 and 5,
reduces expression to the same low level as does mutation
of Otx site 3. No further reduction (and if anything, a small
increase in expression), when Gata sites 1, 2, and 3 are
eliminated. Note in this connection that Gata sites 1, 2, and
3 are not conserved in L. variegatus DNA (Fig. 2D), and
they may be functionless. In any case, it is likely from this
result that the essential requirement for a Gata input indi-
cated in the MASO experiment of Fig. 3 is explained by the
need for a Gatae–Otx synergism.
The specific role of the Gata input is demonstrated by
WMISH in Fig. 5. The Otx15 element is expressed in the
endoderm plus the oral and aboral ectoderm (Yuh et al.,
2002), just as is the extended 5V-Otx15-3V-CAT construct.
All of the constructs considered here differ from the
endogenous b1/2-otx transcription unit in that the latter is
expressed in the endoderm plus oral ectoderm only. The
members of the Otx15 construct family apparently all lack
sites for an aboral ectoderm repressor that is inferred to be
present somewhere in the nearby non-conserved sequence
of the endogenous gene. Expression of 5V-Otx15-3V-CAT
mRNA is illustrated in Fig. 5A, in which the endodermal
area is indicated by red brackets (the nonskeletogenic
mesodermal area is also included within the brackets, but
there is little expression there). Deletion of the Gata4,5–Table 1
WMISH results for 5V-Otx15-3V-CAT and derivativesa
Stage Constructs 1 2
Location 5V-Otx5-3V-CAT (Otx3 and G
24 h Non-stainedb 11 20
Total stained embryosb 75 34
(Stained %) (87.2%) (63.0%)
Vegetal plate endodermc 73.3% 5.88%
(Stained cells/embryo) (4.78) (3.50)
Vegetal plate mesodermc 2.67% 2.94%
(Stained cells/embryo) (3.00) (3.00)
Skeletogenic mesenchyme cellc 12.0% 44.12%d
(Stained cells/embryo) (4.56) (3.67)
Ectodermc 40.0% 61.8%
(Stained cells/embryo) (3.80) (4.57)
a Embryos were injected with expression constructs and assessed for mRNA gen
b Data give the number of normally developing embryos scored, and the percentag
c The remainder gives the percentage of those that express at each location within
(bold italics) for each location. Data are provided for 24-h mesenchyme blastula
were similar, these data were pooled. Expression in less than two cells per embry
d The 44% skeletogenic mesenchyme expression observed for the Gata4,5 and Otx3
not observed in the 30-h embryos bearing the same construct portrayed in Fig. 5. It
artifacts of injection trauma, which occasionally generates abnormal blastocoelarOtx3 site complex has a dramatic effect: endodermal
expression is no longer seen, as shown in Fig. 5B, while
there is no effect on ectodermal expression. However,
mutation of the Otx 3 site alone does not have this effect,
and endodermal expression persists in these embryos (Fig.
5C). Nor does mutation of the essential Krox 1 site abolish
endodermal expression (Fig. 5D). Quantitative data for
these experiments are listed in Table 1. The percentage of
embryos that display endodermal expression drops from
80% in the control to 14.7% for the construct lacking the
Gata4,5–Otx3 site complex, but as illustrated in Fig. 5, no
decrease in the fraction of embryos expressing in the
endoderm is seen with the construct that lacks the Otx3
site alone. Thus, the role of Gata sites 4 and 5 is to provide
a spatial, endoderm-specific input, while that of the Otx 3
autoregulatory site is quantitative; nonetheless, both are
necessary for endodermal regulatory function. In addition,
Table 1 confirms that the Gata 2 and 3 sites are likely to be
nonfunctional, in that there are no differences between the
results obtained with this mutation and those generated by
the parental construct, 5V-Otx15-3V-CAT. Nor is the spatial
distribution of expression shifted in any way by mutation of
the Krox 1 site (Table 1).
Protein binding at Otx15 target sites
Gel shift experiments are shown in Fig. 6 demonstrating
that the target sites which are the subject of the functional
experiments just reviewed indeed bind their respective
factors. The probe in Figs. 6A and B is an oligonucleotide
that contains the sequence of the Gata4,5–Otx3 sites. In Fig.
6A, we see that 22 h embryo nuclear extract forms three
types of DNA–protein complex on this probe: a large3 4 5
ATA4,5)d-CAT (GATA2,3)d-CAT (Kr1)m-CAT (Otx3)m-CAT
17 10 20
25 44 115
(59.5%) (81.5%) (85.2%)
52.0% 52.3% 30.4%
(3.85) (4.13) (5.31)
0% 13.64% 6.1%
(0) (3.33) (3.86)
8.0% 6.8% 11.3%
(3.50) (5.67) (3.85)
36.0% 63.6% 58.3%
(3.89) (5.61) (5.31)
erated from the CAT reporter as described in Materials and methods.
e of totally normally developing embryos examined which display activity.
the embryo. The average number of cells active per embryo is also given
embryos. Two independent experiments were done, and because the results
o was considered nonspecific, and these data were discarded.
deletion is anomalous, as no other construct produces this result, and it was
is likely that these cells were not skeletogenic mesenchyme at all, but rather
cells that tend to express any construct they bear.
Fig. 6. Protein binding at Otx15 target sites. Reactions were carried out with 22 h nuclear extract NE (A,C,D) or with recombinant Gatae or Otx protein (see Materials and methods). Probes are indicated in brackets
at the top of each panel. Oligonucleotide competitors present at 100 molar excess with respect to the probes are indicated at the top of the figure. (A) Gata4,5–Otx3 probe. Red arrowheads indicate bands formed
by interaction with Otx proteins; black arrowhead denotes a band that contains Otx protein plus additional proteins (e.g., Gata factors) Gata proteins. (B) Gata4,5–Otx3 probe, reacted with purified Gatae or Otx
proteins, or both, as indicated. An equal quantity of the respective in vitro preparations was used in each reaction shown (3 Al), but the actual amount of the factor in these preparations is not known. (C) Gata 2,3
probe, reacted with nuclear extract. (D) Krox 1 probe, reacted with nuclear extract; specific complex is indicated by black arrowhead.
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C.-H. Yuh et al. / Developmental B548complex that in this gel is stuck in the well, and two
resolved bands. All three bands are competed away by
oligonucleotides that respectively represent the Otx1, the
Otx2, or the Gata4,5–Otx3 sequence itself; thus, all three
bands contain Otx proteins. However, as shown in Fig. 6B,
only the lower two bands are formed by Otx protein
prepared in vitro from the cloned Otx cDNA. Therefore, the
upper band in Fig. 6A contains other protein(s), no doubt
including Gata proteins, because these are the only other
(known) sites on the probe. Direct evidence that Gata
protein binds to the Gata4,5–Otx3 probe is also shown in
Fig. 6B, where Gata protein prepared in vitro from a Gata
cDNA clone is seen to generate a heavy band in the
presence of Otx protein also prepared in vitro. The complex
may be cooperative, because almost no detectable binding
of the purified Gata protein is seen at the same concentration
of the latter in the absence of the Otx protein, but further
measurements would be needed to establish this point. Fig.
6C confirms that Gata proteins are present in the nuclear
extract, and that they bind the Gata sites in the Gata4,5–
Otx3 probe, as well as the apparently nonfunctional Gata 2,3
sites. Fig. 6D similarly shows that the nuclear extract also
contains proteins that react specifically with, and are
competed specifically by, the Krox target sites.Fig. 7. Direct comparison of the effects of cis- and trans-perturbations on the 5V
transcription unit to MASO interference with translation of Gatae, Krox, or Otx inp
shown. Measurements were made by QPCR assessment of transcript quantity (Dav
bearing indicated MASO reagents (trans-perturbations), shown in color, and in
perturbations), shown in black. Measurements are of CAT activity, as above. Ob
comparison. Similar results were obtained using the Otx15 and the Otx15-3V cons
figure legend, the reader is referred to the web version of this article.)Equivalent effects of cis- and trans-perturbations
Ideally, if there are no additional unknown factors
affecting the output of a cis-regulatory element in an
expression construct, interference with a functionally im-
portant DNA–protein interaction in this element by block-
ing the appearance or function of the factor (trans-
perturbation), or by mutating or deleting the target site
(cis-perturbation), should produce the same effect. Here
we demonstrate this result for all thee of the Otx15 inputs.
Fig. 7A reproduces, for comparison, the effects of trans-
perturbations of all three inputs on the endogenous b1/2-otx
transcription unit. As done earlier in the course of the GRN
analysis (Davidson et al., 2002a,b), these data were obtained
by QPCR measurement of the Otx-b1/2 transcript. Note that
all thee MASO perturbations individually depress the ex-
pression of this transcription unit, and that the effects of the
Krox-Engrailed fusion and of the Krox MASO on the
endogenous gene are equivalent, just as shown above for
the effects of the Otx-Engrailed fusion and of the Otx MASO
on the Otx15 expression construct. In Fig. 7B, the conse-
quences of all the cis- and trans-perturbations were measured
on the expression of the 5V-Otx15-3V construct, in the same
batch of embryos. Here the response of the native 5V-Otx15-
iology 269 (2004) 536–551-Otx15-3V expression construct. (A) Response of the endogenous b1/2-otx
uts; effect of introduction of mRNA encoding Krox-Engrailed fusion is also
idson et al., 2002a,b). (B) Output of native expression construct in embryos
normal embryos when the target sites indicated below were mutated (cis-
servations were carried out on the same batch of eggs to facilitate direct
tructs (data not shown). (For interpretation of the references to colour in this
C.-H. Yuh et al. / Developmental Biology 269 (2004) 536–551 5493V construct to each of the MASO trans-perturbations is
shown in color on the left, to be compared to the outputs of
the respective target site mutations in normal embryos (i.e.,
no trans-perturbation), shown in black. The main result is
that the cis- and trans-perturbations produce essentially
similar results. If anything, the effects of the mutations are
more severe; at the very least, this means that we have
identified the correct DNA target sites. Furthermore, the
mutations each respond exactly the same to the respective
trans-perturbations as to normal conditions; or in other
words, the mutations have caused total loss of sensitivity
to these respective trans-perturbations. These experiments
provide final proof that the functional responses of the b1/2-
otx transcription unit to the Krox input, to the Gatae input,
and to its own autoregulatory input, are indeed encoded in
the DNA sequence of the Otx15 cis-regulatory element.Discussion
Partial analysis of the Otx15 cis-regulatory module
Rather than to obtain a complete analysis of an otx cis-
regulatory module, the objective of this work was to
subject a precise prediction of the EM-GRN to experimen-
tal challenge. This prediction was that the Gatae, the Krox,
and the autoregulatory Otx inputs identified in our GRN
perturbation studies are processed directly on the cis-
regulatory DNA of a b1/2-otx control element. Such an
element, the Otx15 module, was found, and the GRN
prediction was indeed directly verified (Figs. 3–7). We
also learned something of the functional nature of Otx15,
though because the examination was limited to these thee
inputs, our knowledge of this cis-regulatory system is
clearly incomplete; it is confined to the roles of these
inputs, and how they are processed. That is, only those
inputs into Otx15 that are spatially and temporally con-
trolled by interactions elsewhere in the EM-GRN were
considered. There are many other kinds of essential cis-
regulatory function, mediated by sequence-specific DNA
binding factors that are probably ubiquitous. Such functions
are revealed only in studies directed at the significance of
all the individual specific cis-regulatory DNA–protein
interactions that can be detected in a given cis-regulatory
element (e.g., Kirchhamer et al., 1996; Yuh et al., 1998,
2001). These kinds of cis-regulatory function (see Yuh et
al., 2001, for discussion), which are utilized in genes
expressed in widely diverse contexts, have not been dealt
with here.
As Fig. 1 indicates, the Krox, Gatae, and Otx inputs do
not impinge simultaneously on the b1/2-otx control system.
A simple way of describing the temporal alternation of
control functions is that it has two important states: soon
after this transcription unit is first activated (by 18 h), it is
found to be responding to the Krox input plus a stabilizing
autoregulatory input from itself; while a few hours later (by24 h, and thereafter), it responds to a Gatae input plus its
own autoregulatory input. Fig. 5 shows clearly that in the
definitive latter phase (these observations were made at
30 h), the Gatae input provides the spatial information in
so far as the endoderm is concerned. The Otx autoregulatory
input is quantitative and synergistic, but endoderm expres-
sion still occurs in its absence (Fig. 5B). Although it was not
examined directly (partly because of the difficulty of orient-
ing 18 h embryos except by use of multiple labels), it is
almost inescapable that in the first, or Krox plus Otx state, it
is Krox which provides the spatial input, and just as later,
the Otx autoregulation has a synergistic and stabilizing
function. Note that krox gene expression is sharply confined
to the endomesoderm (Wang et al., 1996; C.B. Livi and E.H.
Davidson, unpublished data). The Otx factors are evidently
capable of acting as potent activators, as shown explicitly
for spec2a (Gan and Klein, 1993; Li et al., 1997; Yuh et al.,
2001), endo16 (Yuh et al., 1998), and gatae (P.Y. Lee and
E.H. Davidson, unpublished data) regulatory elements.
Because various Otx forms are widely distributed in the
embryo (Li et al., 1999; Yuh et al., 2002), while genes such
as these are expressed in confined areas, their cis-regulatory
elements must always rely on other inputs, positive and/or
negative, for spatial control. That is, the use of the Otx input
in Otx15 is not atypical, except that because it is an
autoregulation, it has here the additional role of a dynamic
‘‘lockdown’’ mechanism stabilizing regulatory state.
With respect to the Gatae and Otx inputs, the Otx15
element functions as an ‘‘AND’’ logic processor: unless both
DNA–protein interactions occur, the output is very severely
depressed. That is, the functional synergism between the
Gata4,5 and the adjacent Otx3 sites is required for expres-
sion. Note that the same obtains for the endogenous gene
(Fig. 7A). The AND processing function of Otx15 is seen by
way of both cis- (Fig. 7B) and trans-perturbation (Fig. 7B).
Cis-regulatory AND processors are commonly encountered
in elements that control spatial gene expression during
developmental specification, where they are used to produce
outputs only at locations in which two spatially disparate
inputs are simultaneously present (Davidson, 2001). Here,
where the gatae and otx genes are locked into a reinforcing
feedback loop (Fig. 1), the requirement for the autoregula-
tory Otx subloop may seem basically redundant. However,
the imperatives are not those of minimalistic circuit design,
but of regulatory function. The Gatae factor, which appar-
ently binds these target sites rather weakly (Fig. 6), evidently
needs the Otx factor to bind next to it to generate a stable and
sufficiently powerful activating function. As shown in Fig.
2D, this is in fact a conserved arrangement of target sites,
present in both the L. variegatus and the S. purpuratusOtx15
elements, except for two unimportant nucleotide changes.
The differing roles of the Krox and Gatae inputs into the
Otx15 cis-regulatory system are reflected in its architecture.
While they appear to provide spatial information as well as
essential activating functions, the Krox sites are located dis-
tantly on either side of the element. In its earliest phase of
C.-H. Yuh et al. / Developmental Biology 269 (2004) 536–551550activity, one (or both) of these sites is required to activate
the element. The Gata4,5 and Otx3 sites are tightly adjacent.
This arrangement provides an obvious physical basis for
their ‘‘AND’’ logic function, via their probably cooperative
interaction.
Authentication of an important EM-GRN node
Remarkably, all the b1/2-otx regulatory inputs summed
in Fig. 1F are conserved out to the corresponding EM-GRN
of a starfish (Hinman et al., 2003). This finding makes an
irresistible case for their functional significance, particularly
in the face of the many other linkage differences revealed in
the comparison. Those intergenic regulatory linkages from
the krox and gatae genes that terminate at the endodermal
cis-regulatory element of the b1/2-otx transcription unit must
be regarded as essential aspects of this echinoderm GRN
design. It is the genomic code specifying these important
linkages that we have uncovered in Otx15.
This is the first of the predicted EM-GRN linkages to be
experimentally examined at the cis-regulatory level. Though
it is only one case, it is of deep importance that functional
sequence features of genomic regulatory DNA could be
accurately predicted from a perturbation analysis carried
out in vivo on whole embryos. We now can be certain that
there are no other genes, no other linkages, and no unknown,
indirect, regulatory processes intervening between the inputs
revealed by the perturbation analysis, and this b1/2-otx
control element. We see, perhaps surprisingly, that an in
vivo perturbation analysis can indeed reveal direct regulatory
linkages. Perhaps what is most important is that the result
reported in this paper shows that it is feasible and reasonable
to examine any of the key nodes of the EM-GRN at the cis-
regulatory level, and to expect that the outcome will be the
sequence level identification of the underlying genomic
regulatory code. Put another way, this study proves by
example that developmental GRN analysis provides a direct
route to that regulatory code.Acknowledgments
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